Absolute sensitivity is measured for the phase measurement in an SU(1,1) type interferometer and the results are compared to that of a Mach-Zehnder interferometer operated under the condition of the same intrainterferometer intensity. The interferometer is phase locked to a point with the largest quantum noise cancellation, and a simulated phase modulation is added in one arm of SU(1,1) interferometer. Both the signal and noise level are estimated at the same frequency range, and we obtain 3 dB improvement in sensitivity for the SU(1,1) interferometer over the Mach-Zehnder interferometer. Our results demonstrate a direct phase estimation, and may pave the way for practical applications of nonlinear interferometer. Optical phase estimation is indispensable in the process of measurement, because it can help us determine how small the phase we can detect [1, 2] . For example, it has been used for phase-sensing which can measure an already known phase with small interval [3, 4] . It can also be utilized to track an unknown phase [5] . Optical interferometer is one of the most important device in phase measurement for its wide application in modern metrology [6] . With the strong motivation of exploring gravitational wave, e.g., the Laser Interferometer Gravitational-Wave Observatory(LIGO) project [7] , laser interferometer has been rapidly developing as one of the most precise device all over the world. On the other hand, the fundamental principles of operation in optical interferometers had never changed ever since its discovery more than 200 years ago, that is, they all rely on linear passive beam splitters for wave splitting and recombination. It has been proven that quantum vacuum noise sets the so-called standard quantum limit(SQL) [8, 9] for the sensitivity of this type of interferometers, in which the smallest detectable phase change ∆φ requires high laser power running in the interferometer [10] . However, high laser power induces problems like strong backaction of mirrors [11] , and restrict the further improvement of phase sensitivity. Squeezed states can be utilized for the suppression of the vacuum noise and break the standard quantum limit for improvement of sensitivity [12] .
Optical phase estimation is indispensable in the process of measurement, because it can help us determine how small the phase we can detect [1, 2] . For example, it has been used for phase-sensing which can measure an already known phase with small interval [3, 4] . It can also be utilized to track an unknown phase [5] . Optical interferometer is one of the most important device in phase measurement for its wide application in modern metrology [6] . With the strong motivation of exploring gravitational wave, e.g., the Laser Interferometer Gravitational-Wave Observatory(LIGO) project [7] , laser interferometer has been rapidly developing as one of the most precise device all over the world. On the other hand, the fundamental principles of operation in optical interferometers had never changed ever since its discovery more than 200 years ago, that is, they all rely on linear passive beam splitters for wave splitting and recombination. It has been proven that quantum vacuum noise sets the so-called standard quantum limit(SQL) [8, 9] for the sensitivity of this type of interferometers, in which the smallest detectable phase change ∆φ requires high laser power running in the interferometer [10] . However, high laser power induces problems like strong backaction of mirrors [11] , and restrict the further improvement of phase sensitivity. Squeezed states can be utilized for the suppression of the vacuum noise and break the standard quantum limit for improvement of sensitivity [12] .
Quantum correlations between the optical fields in the interferometer is proved to enhance the phase sensitivity beyond SQL, to Heisenberg limit ∆φ ∼ 1/N. Recently, a new type of interferometer was realized that relies on nonlinear optical processes for beam spitting and recombination. The so-called SU(1,1) interferometer(SUI) was first proposed by Yurke et al [13] about 30 years ago and became experimentally implementable [14] after the discovery of a four-wave mixing(FWM) process in hot atomic vapor [15] which serves as the nonlinear beam splitter. The twin beams have been utilized to study a large amount of quantum physics experiment, such as quantum entangled images [16] , tunable delay of continuous EPR entanglement state [17] , quantum plasmonic sensing [18] , low noise amplifier [19] [20] [21] , and so on. In particular, our group has experimentally investigated such an SU(1,1) type interferometer whose beam splitting and recombination elements are replaced by FWM process in the hot rubidium atomic ensemble [14, 22] . With the signal of the SU(1,1) interferometer amplified by the nonlinear FWM process and the noise nearly maintained, we have successfully observed a 4dB enhancement of signal-to-noise(SNR) ratio compared to conventional linear Mech-Zehnder interferometer. The improvement of the measured signal is the DC signal [23] , which not match to the quantum noise reduction bandwidth. Also, a direct phase sensitivity estimation has never been implemented in this SU (1, 1) interferometer.
In this letter, we report a direct phase estimation of a SU(1,1) interferometer. For nonlinear interferometer, the quantum noise cancellation usually occurs at dark port [24] , so a locking system is designed to lock to the dark fringe of the SU(1,1) interferometer. Consequently, we measure noise level at the dark fringe. At the low noise region around 1.6 MHz, a weak phase modulation signal is injected into one arm of both Cl and NCl interferometer. We measure for the first time the strength of signal and noise at the same range of frequency, and estimate the absolute value of phase change. We therefore verify that our SU(1,1) interferometer can detect a signal half as small as conventional interferometer. The detailed arrangement of our experiment is shown in Fig.1 . Our SU(1,1) interferometer use two parametric amplifier(PA1,PA2) for splitting and combination, which are based on non-degenerate four-wave-mixing process.In theory,the FWM process PA1 can be described aŝ
Where G is the amplitude factor of our parametric amplification, and G − g = 1.In our system a s is coherent state, a i is vacuum state. When we inject a phase shift ϕ on the idler field,and we can get the output fields of interferometer on idler port:â
For simplification,we assume G1 = G2 = G and g1 = g2 = g. So we can obtain the output intensity in idler port of nonconventional interferometer:
Where I NCL ps = g 2 (α 2 + 1) is the intensity of phase-sensing field on the arm of idler.
For comparison, we give the output intensity of conventional MZ interferometer with the same phase:
For the case that the splitting component of MZ interferometer is 50:50 beam splitter, we set I CL ps = 2I NCL ps for fair comparison. As a result,we can find the relation between output of conventional interferometer and Non-conventional interferometer:
In our previous work [25] , we have analyse the noise performance of SU(1,1) interferometer, and demonstrate that the SU(1,1) interferometer have the same noise level as MZ interferometer at dark port,i.e., the vacuum noise level. Combine the amplification of signal as we analyse above,we obtain:
Our experimental setup is shown in Fig.1 . The primary light source is a Ti:sapphire laser(Spectra-Physics) whose frequency is locked to a stable reference cavity with a line width of about 30 kHz. This laser can supply the strong pump beams of the FWM process in the hot 85 Rb atomic vapor. The 85 Rb atomic vapor cells (12.5 mm long) are heated to 113 • C. All the faces of the cells are antireflection-coated to achieve a high transmission efficiency above 97%. Fig.1(a) shows the atomic energy diagram of 85 Rb. The strong pump beam (red) serves as the two pump fields in four-wave mixing, and produces two weak beams labeled as Fig. 2 . The noise level for SU(1,1) interferometer. Measured noise levels from 0.6 to 2.6MHz at the output:the red trace is when the phase ϕ SU(1,1) is scanned; the orange trace is when only PA1 amplify the input light field; the blue trace is when both PA1 and PA2 amplify the input light field; the dark green is the vacuum noise level, also called shot noise, which is the noise level for traditional MZ interferometer. The resolution bandwidth and video bandwidth of the spectrum analyzer is set to be 100 kHz and 100 Hz respectively.
signal and idler at an angle of 0.4 • with respect to the pump beam to satisfy the phase match condition. The signal and the idler beams are red-and blue-shifted 3.04 GHz respectively from the pump beam. The pump beams are vertically polarized at a maximum power of 400 mW with a waist of 500 µm and are blue-detuned about 1 GHz from the D1 line of rubidium (5S 1/2 → 5P 1/2 , 795 nm). A seed beam is injected along the signal field. It is red-detuned about 3.04 GHz from the pump beam by using an acousto-optic modulator (AOM, Brimrose) which is driven by an RF signal generator (Agilent, N9310A) with a double-pass configuration. The seed beam is horizontally polarized with a maximum power of 200 µW with a waist of 250 µm, and is recombined with the pump beam with a GlanLaser polarizer before entering the atomic cell. We can control the power of the beams by using polarization beam splitters (PBS) and half-wave plates. After the atomic cell, the injected seed at the signal mode is amplified and is accompanied by the generation of the idler beam through the four wave-mixing process. This one serves as the beam splitter for the injected seed beam. A second identical system is constructed, serving as the beam combiner to complete the SU(1,1) interferometer. As shown in Fig.1(b) , a 4-F imaging system is used to ensure the mode match between the first and the second cells. Mirrors are mounted on piezoelectric transducers (PZT) to introduce phase change or to lock the interferometer. At the output ports of the second cell, we obtain interference signals in both signal and idler beams with synchronized phase [14] .
First, we measure the noise performance of the SU(1,1) interferometer at the idler output port by homodyne detection (HD) and a spectrum analyzer. Fig.2 shows the noise spectra from 0.6 MHz to 2.6 MHz under various conditions. The black trace is the shot noise level when we block the input field to HD, which corresponds to the vacuum noise level and is 10dB higher than the electronic noise. The trace in orange shows the noise level of SU(1,1) interferometer when PA1 is operative while no pump is applied to PA2. This is the amplified vacuum noise, which is about 6.2dB higher than the vacuum noise level. The gain of PA1 is G1 = 5. The trace in blue corresponds to the vacuum noise doubly amplified by both PA1 and PA2 in series but we block the idler beam so that no interference occurs. The gain of PA2 is set at G2=3. The most important trace is the red one that represents the noise level of the SU(1,1) interferometer when the phase is scanned via one of the PZTs. The trace shows a phase dependent noise with a minimum at the dark fringe, which will be the working point of the interferometer for phase measurement. In subsequent investigations, we lock the interferometer at this location by a feedback loop as shown in Fig.1 . In our previous study [22] of the SU(1,1) interferometer, we measured the phase signal and the noise independently at different frequencies: phase signal was obtained by a slow scan (100 Hz) but the noise was measured at higher frequency of 1.6 MHz. So, the signal-to-noise ratio (SNR) was implied indirectly by these measurement. Here, we will make a direct measurement of the SNR of phase measurement at the same frequency. To achieve this, we need to have a phase modulation signal at MHz range but the response of PZT is around 10 kHz. However, we notice that the PZT in use has some resonance peaks at around MHz. We select one of these peaks as the modulation frequency. The results of phase measurement are shown in Fig.3 where we show the phase modulation signal and the noise at around 1.6 MHz (red curves) at three different modulation strengths. For comparison, we also show the phase modulation signal measured in a Mach-Zehnder interferometer (MZI), which is formed via two flipping PBS's to redirect the signal beam in between the two PAs. In this way, the MZI measures exactly the same phase modulation signal from the PZT with the same phase-sensing beam (We need to double the injection seed to compensate for the splitting loss of the phase-sensing beam due to the insertion of the PBS). The MZI is also locked at the dark fringe and the noise level is at vacuum noise. The results are shown as the black trace in Fig.3 . As can be seen, about 3dB improvement is obtained in SNR for all three settings in the SUI over that in the MZI. Particularly, when the phase modulation is at δ = 2.4 × 10 −5 radian, no phase signal is observable with MZI but is still visible with SUI, indicating the superiority of SUI to MZI in phase measurement. It should be noted that the sizes of the phase modulation are the absolute values of phase change. This is calibrated against an electro-optic modulator of known half voltage placed in the other arm of the MZI. We calibrate the driving voltage to the PZT by observing the same size of phase modulation signal. We find that phase modulations are nonlinearly dependent on the driving voltage at these resonant peaks.
With calibrated absolute phase measurement, we next measure the minimum observable phase signal under a fixed phase sensing intensity of the probe field. We reduce the driving voltage to the PZT until the SNR is 1 or the peak signal level in Fig.3  is 3dB above the noise level. The corresponding phase is the minimum detectable phase shift under a certain phase sensing intensity. We plot in log-log scale in Fig.4 , the measured absolute minimum detectable phases δϕ min of the SU(1,1) interferometer and those of the MZI as a function of the phase sensing intensity I ps . The error bars are the estimates from the up and down shotto-shot fluctuations of the signal peak level. Linear fits to the data are obtained with a slope of 0.51±0.04 and 0.51±0.04 for SUI and MZI, respectively, in consistent with Eq.(6). The difference between the two lines is 3.2 dB,which is the improvement of SUI over MZI.
In conclusion,we have studied the absolute sensitivity of SU(1,1) interferometer in dark port with different kind of parameters,and compare the performance to MZ interferometer. We have directly observed that SU(1,1) interferometer can detect a smaller phase than MZ interferometer under the same operating condition. The improvement is because the SU(1,1) interferometer can amplify the signal but not amplify the noise at the same time. For the case that our interferometer can be operated with very small photon count, which means our interferometer is very helpful for the detection of biological samples, because low light level can avoid the damage of samples [26] . Our technique can be used for phase estimation of nonlinear interferometer, it may find applications in quantum metrology where homodyne measurement is implement for quantum noise detection.
